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Abstract
Groundwater contamination is the degradation of the natural quality of groundwater
as a result of human activity. Landfills are one of the most common human activities
threatening the groundwater quality. The objective of the monitoring systems is to de-
tect the contaminant plumes before reaching the regulatory compliance boundary in5
order to prevent the severe risk to both society and groundwater quality, and also to
enable cost-effective counter measures in case of a failure. The detection monitoring
problem typically has a multi-objective nature. A multi-objective decision model (called
MONIDAM) which links a classic decision analysis approach with a stochastic simula-
tion model is applied to determine the optimal groundwater monitoring system given10
uncertainties due to the hydrogeological conditions and contaminant source character-
istics. A Monte Carlo approach is used to incorporate uncertainties. Hydraulic conduc-
tivity and the leak location are the random inputs of the simulation model. The design
objectives considered in the model are: (1) maximizing the detection probability, (2)
minimizing the contaminated area and, (3) minimize the total cost of the monitoring15
system. The results show that the monitoring systems located close to the source are
optimal except for the cases with very high unit installation and sampling cost and/or
very cheap unit remediation cost.
1. Introduction
The growing awareness of environmental issues more often reflects a reactionary re-20
sponse of public throughout the last years. For instance, the fear of groundwater con-
tamination from a leaky landfill has been a major reason for the difficulty in locating
landfills, due to such public reactions to the local governments. When faced with scep-
tical, and even reactionary public, the ability of technical experts to present designs
that minimize risk becomes very important. In case of a landfill, concern often centres25
on the risk of exposure to contaminated groundwater. This can be reduced in sev-
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eral ways, such as the locating the facility in a hydrogeologic environment that inhibits
the transport of contaminants into potential groundwater resources, and design of the
landfill in a way to minimize chance of leakage. However, despite all counter mea-
sures the contamination risk cannot be completely eliminated. The adverse impacts of
landfill leachates on adjacent groundwater have prompted a great number of studies5
(e.g., Kjeldsen et al., 1995; Chen and Wang, 1997; Riediker et al., 2000; Koliopolous,
2003; Yousef, 2005). Regulatory agencies require groundwater monitoring programs
at solid waste landfills, hazardous waste sites, and other sites, where potential release
of chemicals to the subsurface is a concern, so that the risk of exposure can be further
reduced by monitoring the quality of the groundwater.10
The object of detection monitoring is to detect the plume early enough that appro-
priate action can be taken to prevent exposure. According to USEPA (1986) detec-
tion monitoring wells (at least three downgradient wells) should be placed at locations
where they will intersect all possible pathways of contamination. The document also
suggests placing the wells as close as possible to the source so that the contaminants15
are detected as soon as a release occurs. However early detection of contaminants
implies that small contaminant plumes must be detected, which can be difficult with
a limited number of wells such as proposed by the regulations (namely at least three
downgradient monitoring wells). The likelihood of detection increases when a large
number of monitoring wells are located, however, the monitoring and construction cost20
also increases. Hence a tradeoff exists between the likelihood of detecting contami-
nant plumes, the plume size, and the associated cost of construction, operation and
maintenance of the monitoring system. Consequently, the design of a groundwater
detection monitoring system can be formulated with three conflicting objectives: (1)
Maximize the probability of detection of contaminant plumes, (2) minimize the contam-25
inated area, and (3) minimize the total cost of the monitoring system (i.e., construction,
maintenance, and remediation cost, if necessary). Therefore the design of an efficient
monitoring system is quite complicated and becomes even more difficult when uncer-
tainty, which is characteristic of groundwater problems, is incorporated in the problem.
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Several studies are cited in the literature addressing the different aspects of the de-
tection monitoring problem. Rouhani and Hall (1988) used a variance based method to
investigate the effect of a sampling program in groundwater quality monitoring network
design, considering neither flow nor transport models but only geostatistical tools. Hu-
dak (2001) devised a graphical approach to configure detection wells at the downgra-5
dient of a landfill. He evaluated detection capabilities of graphically designed monitor-
ing networks in aquifers dominated by intergranular porosity in his later work (Hudak,
2002), with no regard to the uncertainties due to the subsurface heterogeneity and
contaminant leak location. Hudak and Loaiciga (1993), Meyer et al. (1994), Storck et
al. (1997), Mahar and Datta (1997) and Montas et al. (2000) are some examples in10
which detection monitoring problem has been approached from an optimization per-
spective.
Optimization involves the determination of optimal values for a set of decision vari-
ables in an engineering system and optimality is defined with respect to a specified
objective function and is subject to a set of constraints (Freeze et al., 1990). An optimal15
solution for a multi-objective problem, such as a detection monitoring design, cannot
be determined based solely on objective function values. Moreover solution of a multi-
objective groundwater detection monitoring problem within a stochastic framework to
include uncertainties due to the hydrogeological characteristics may be computation-
ally very expensive and less feasible in practice for most common engineering projects.20
Massmann and Freeze (1987a, b), Massmann et al. (1991), Freeze et al. (1992)
and Jardine et al. (1996) used a decision analysis approach to deal with the prob-
lem of groundwater detection monitoring system design. Decision analysis provides a
rational step by step approach to aid in the decision making process and most often
compares alternatives on a common basis: money and preference is based on a speci-25
fied objective function, including the risks, costs, and benefits of alternatives. Since the
process of engineering design is often described as a sequence of decisions between
alternatives under conditions of uncertainty and hydrogeologists and engineers are of-
ten asked to address alternatives in the most traditional engineering practice, decision
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analysis is well-suited to the risk-based philosophy of engineering design (Gorelick et
al., 1993). Moreover, when one incorporates the uncertainties, lower computational
effort is required to solve the multi-objective decision problem. Therefore in this study
detection monitoring design is approached from a decision analysis perspective. The
simulation model used by Yenigul et al. (2005) for reliability assessment of monitoring5
systems at landfill sites is linked with a classic decision analysis approach to formu-
late a decision analysis model called MONIDAM. It incorporates the three conflicting
objectives presented previously in a systematic way, as well as the uncertainties due
to subsurface heterogeneity and leak location to determine the optimal groundwater
monitoring system.10
2. Model description
Monte Carlo simulation, an economical analysis of the objective function for monitoring
systems, and the selection of the optimal monitoring system are the principal steps
of the decision model MONIDAM. It allows for the comparison of monitoring systems
alternatives (Systems 1 through n). The following paragraphs provide an overview of15
each step of the decision analysis framework of MONIDAM illustrated in Fig. 1.
2.1. Monte Carlo simulation
A simulation-based model (adapted from Elfeki, 1996) coupled with a two dimensional
finite difference flow model and a random walk particle-tracking model is used to deter-
mine the optimal monitoring system. Uncertainties in the hydrogeology and contami-20
nant source are incorporated in the model using Monte Carlo simulations. Subsurface
heterogeneity, as reflected by spatial variability of the hydraulic conductivity K is as-
sumed to be the major contributor to the hydrogeologic uncertainty and is modelled
here as a log normally distributed, second order stationary stochastic process Y =lnK
(see e.g. Gelhar, 1986). The hydraulic conductivity stochastic process is here assumed25
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to be isotropic. The variance of Y is denoted by σ2Y .
Uncertainty in the contaminant source is assumed to be limited to the source location
and random leak locations along the downgradient edge of the landfill are drawn from
a uniform probability distribution.
The ability of the monitoring systems to detect the contaminant plumes is repre-5
sented by the system reliability model. If the concentration value at any well of mon-
itoring system j exceeds a given threshold concentration CTH , the monitoring system
detects the contaminant plume and the binary variable Id (j ) equals 1 and zero other-
wise. Once all the Monte Carlo simulation runs have completed Pd (j ), the detection
probability of system j, is estimated as the ratio of the number of simulation runs in10
which the contaminants are detected over the total number of simulation runs. Finally,
the probability of failure Pf (j ) of a system to detect the plume is equal to 1−Pd (j ). For
further information related to the simulation model and the assumptions considered,
the reader is referred to Yenigul et al. (2005).
Another output variable of each Monte Carlo simulation run is a variable representing15
the area of contamination associated with the size of the plume at the time of detec-
tion, or the area of contamination when the plume remains undetected at the end of
the monitoring period. When a given system j detects a plume, an associated con-
tamination area is obtained. However, the area of contamination at detection varies
from one simulation run to another due to the variability in leak location and subsurface20
heterogeneity. Therefore, rather than producing a single contaminant plume every time
a system detects a plume, a range of plume sizes at detection is obtained. Using the
individual plume sizes at detection, cumulative distributions F (A|dj ) of plume size A can
be determined for monitoring system j . Likewise, the cumulative distribution F (A|fj ) of
plume size given no detection can be determined by using the individual plume sizes25
that remain undetected at the end of the monitoring period. These probability distribu-
tions are used in the economical analysis of the objective function.
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2.2. Economic analysis
The economic objective of design must be to meet the technical objective in such a way
so as to maximize the profit (or minimize the loss) to the owner-operator (Freeze et al.,
1990). From this perspective, an objective function defined as the net present value of
the expected stream of benefits, cost, and risks taken over an engineering time horizon5
and discounted at the market interest rate, (Gorelick et al., 1993):
Zj =
T∑
t=0
[
1
(1 + i )t
] [
Bj (t) − Cj (t) − Rj (t)
]
(j = 1, .. . .., n) (1)
where Zj=objective function for alternative j [$],
T=planning horizon [years],
i=annual discount rate [decimal fraction],10
Bj (t)=benefits of alternative j in year t [$],
Cj (t)=costs of alternative j in year t [$], and
Rj (t)=risks of alternative j in year t [$].
The risks, Rj (t), associated with alternative j in year t are defined as:15
Rj (t) = Pf (j ) (t)Cf (j ) (t)γ
(
Cf (j )
)
(j = 1, .. . .., n) (2)
where Pf (j ) (t)=probability of failure of alternative j in year t [decimal fraction],
Cf (j ) (t)=cost associated with a failure of alternative j in year t [$]
γ (.)=normalized utility function [decimal fraction, ≥1].
20
The utility function γ (.) in Eq. (2) allows one to take into account the possible
risk-averse tendencies of some decision makers. A risk-adverse decision maker will
set the utility function to larger than one. Small owner-operators who do not have large
net worth are the most likely to use a risk-adverse utility function. Larger companies
are more likely to take a risk-neutral approach (Gorelick et al., 1993).25
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In this study only the construction of a detection monitoring system within the prop-
erty boundaries of the landfill is considered. There is no analysis of the trade-off be-
tween the facility design and monitoring. It is assumed that the revenues generated by
the landfill would be the same regardless of the monitoring strategy adopted. Thus it
is possible to neglect the benefit terms. Since the trade-off between facility and moni-5
toring is not considered, the capital costs of constructing and operating the landfill are
also the same regardless of the monitoring strategy chosen. Hence, these costs are
neglected and only those costs directly associated with the construction and operation
of the detection monitoring system are taken into account. On the other hand the time
dependencies will not be important due to the three assumptions made in this study:10
(1) the leak in the landfill will occur at the beginning of the monitoring period, and the
contaminant plume will be either detected at any time during the monitoring period, or
failure will occur if it is not detected at the end of the monitoring period, (2) installa-
tion cost of the monitoring wells is the only cost occurs in year zero, the year before
the landfill and monitoring system begin operation, and (3) the annual unit costs for15
monitoring and remediation cost per unit volume of contamination are constant for the
whole monitoring period. With all these assumptions, the objective function in Eq. (1)
can be simply written as the summation of the time independent costs and risk:
Zj = −
[
Cj + Rj
]
(j = 1, .. . .., n) (3)
The minus sign can be removed from Eq. (3) without loss of generality. The construc-20
tion and operation cost Cj of monitoring system j can be estimated as:
Cj = Cmwnmw (4)
where Cmw=unit installation and sampling cost of a monitoring well($/per well),
nmw=number of the wells in monitoring system j .
25
For a site with no monitoring system, the risk term is equal to the expected
costs associated with failure. However, for the sites with a detection monitoring,
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the risk term is expanded to allow for possibility of the plume being detected and
remediated before failure occurs. Therefore, the risk term in this study represents the
expected cost associated with both detection of the contaminant plume and failure if it
remains undetected at the end of the monitoring period. From a risk-neutral approach
perspective the risk term (Rj ) associated with monitoring system j can accordingly be5
defined as:
Rj = Pd (j )Cdr(j ) + Pf (j )Cf r(j )(j = 1, .. . .., n) (5)
where Pd (j )=the probability of detection of monitoring system j ,
Cdr(j )=remediation cost associated with detection of contaminant plume by monitoring
system j [$],10
Pf (j )=probability of failure of monitoring system j and,
Cf r(j )=remediation cost when monitoring system j fails to detect the contaminant
plume [$].
The clean up cost associated with detection of contaminant plume by monitoring15
system j can be obtained as:
Cdr(j ) = CrVd (j ) (6)
where Cr is the remediation cost per unit volume [$/m
3], Vd (j ) is volume of contami-
nation given detection by monitoring system j [m3]. Similarly, the cost associated with
failure, Cf r(j ) is Cr times volume of contamination given no detection by monitoring20
system j , Vf (j ) [m
3].
As mentioned above in Sect. 2.1 the plume areas associated either with detection or
no detection follow a probability distribution and the volume of contamination is defined
by the expected plume area times the aquifer thickness, B=B(A) [m]. Let f(A|d j )=F ′
(A|d j ) be the probability density of the plume size. Then the risk term for monitoring25
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system j can be found by:
Rj = Pd (j )
+∞∫
−∞
Cr (A)B(A)Af (A|dj )dA + Pf (j )
+∞∫
−∞
Cr (A)B(A)Af (A|fj )dA (7)
Since the unit cost of remediation and the aquifer thickness are assumed to be con-
stant, Eq. (7) can be simplified to:
Rj = Pd (j )CrBE (Ad (j )) + Pf (j )CrBE (Af (j )) (8)5
whereEA(dj ) is the expected contaminated area given detection by monitoring system
j and EA(dj ) contaminated area given no detection by monitoring system j . The final
form of the objective function, which is a general form of MONIDAM represents the
expected total cost for each monitoring system j=1,. . . n and it is:
Zj︸︷︷︸
expected
total
cost
= Cj︸︷︷︸
construction
and operation
cost
+Pd (j ) CrBEA(dj )︸ ︷︷ ︸
expected cost
given detection,
E
(
C|dj
)
+Pf (j ) CrBEA(fj )︸ ︷︷ ︸
expected cost
given detection,
E
(
C|fj
)
(9)
10
2.3. Selection of the optimal monitoring system
The “best” system is the system that uses the smallest number of wells to enable
the largest detection probability while minimizing the cost of monitoring and remedia-
tion. Once Eq. (9) determines the expected total cost for each monitoring system, the
alternative with the minimum expected total cost (Zmin) is the “optimal” groundwater15
detection monitoring system.
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3. Example problem
A series of numerical experiments was carried out to study the use of MONIDAM in
optimal groundwater monitoring system design. The sensitivity of the objective function
values of the model is illustrated by varying the model parameters.
3.1. Model domain and discretization5
The numerical experiments are carried out using a model of a generic landfill facility
and groundwater system. Dimensions of the model domain and the parameters that
have been used are chosen to reflect conditions of typical solid waste landfills. The
model domain is defined by 0≤x≤500m and 0≤y≤400m (Fig. 2). The model is dis-
cretized with grid cells of 2m by 2m in both x- and y-directions. In general, the higher10
the discretization level of flow and transport problems, the better will be the subsequent
solution of flow and transport equations. However, the higher the discretization level,
the greater the computational effort required. Therefore a balance must be found be-
tween the level of discretization and the computational expense. Ababou et al. (1989)
suggested as a rule of thumb the following ratio between the grid cell size (∆x) and15
correlation length (λ):
λ
∆x
≥ 1 + σ2Y (10)
Bellin et al. (1992) found that a ratio of λ/∆x=4 in the range of σ2Y≤1.6 provided satis-
factory accuracy and convergence of computations. The principal ratio applied in this
paper is λ/∆x=7.5 and it also satisfies the ratio suggested by Ababou et al. (1989).20
Therefore, this discretization level is considered to be sufficient for all cases tested and
presented in the following.
A rectangular landfill is located at 100≤x≤150m and 150≤y≤250m in the model
domain. The monitoring systems considered are composed of a line of wells parallel
to the y-axis, covering the length of the landfill. It may be noted that a longer line of25
37
HESSD
3, 27–68, 2006
MONIDAM for optimal
groundwater
monitoring system
design
N. B. Yenigu¨l et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Print Version
Interactive Discussion
EGU
wells that extends beyond the length of the landfill could also be considered. However,
determination of the appropriate longer length would involve major assumptions on the
dispersivity of the medium. This simple pattern adjusts to the shape of the landfill used
and the groundwater flow characteristics in the example. For actual case studies with
a less ideal shape than in the example, monitoring wells placed along the downstream5
perimeter of the facility or along a curve parallel to it are the configurations equivalent
to the row configurations presented here.
Monitoring systems composed of 3, 4, 5, 6, 8, 10, 12, 16, and 20 monitoring wells are
evaluated to study the effect of number of wells on the reliability of single row monitoring
systems. Since the number of monitoring wells in the system must cover the length of10
the landfill, the spacing of wells in the single row monitoring systems decreases as
the number of the number of monitoring wells increases. The spacing ∆s between the
wells and the distance d from the edge of the landfill are normalized with respect to the
length of the landfill L perpendicular to the flow, to get rid of the specific landfill size.
For instance, a monitoring system composed of 3 monitoring wells has normalized well15
spacing, nws (∆s/L) of 0.33, which means that one third of the landfill is monitored by
each monitoring well in the system. All these monitoring systems are located from 10m
to 190m downgradient of the landfill with 10m distance apart in order to determine the
influence of the location of single row monitoring systems. The distances from the
source are also normalized with respect to the length of the landfill for generalization20
purposes, as well as for consistency with nws. As the area of potential leak locations
is assumed to be the downgradient edge of the landfill the location of the source of
contaminant is at x equal to 150m, the distance from the contaminant source, d can
be obtained as the difference between the x-coordinate of the single row monitoring
systems and location of the source of contamination (Fig. 2). Table 1 presents spacing,25
∆s, normalized well spacing, nws for different number of monitoring wells in monitoring
systems with different x-coordinates, distance from the contaminant source, d , and
normalized distance from the source, ndfs .
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3.2. Parameter values used in flow model
The aquifer is assumed to be confined, with given hydraulic head at left and right
boundaries, resulting in a macroscopically constant hydraulic gradient of 0.001. The
porosity of the medium equals 0.30. Uncertainties due to contaminant source location
and subsurface heterogeneity are incorporated in the model using 1000 Monte Carlo5
simulations. In this study, subsurface heterogeneity is reflected by the spatial variabil-
ity of the hydraulic conductivity. Hence hydraulic conductivity is treated as a random
space function. The natural logarithm of the isotropic hydraulic conductivity [Y =ln(K )]
is modelled as a stationary Gaussian field with a geometric mean value of 2.23m/day, a
variance set at σ2Y=0.4 and the isotropic covariance of Y is chosen to be of exponential10
form with correlation length, λ=15m.
3.3. Parameter values used in random walk particle tracking model
For the transport model a condition of a zero dispersive flux is imposed on the top and
bottom boundary, and the initial background concentration in the model domain is set
to zero. Since the flow direction is aligned with x-axis, the only source dimension that15
is treated as a random variable is the position along the y-axis. The area of potential
leak locations is the downgradient edge of the landfill (Fig. 2). The contaminant leak
is assumed to be a point source, as it would result in a plume which is most difficult to
detect and the source location is drawn from a uniform probability distribution between
y-coordinates of 150≤y≤250m for each Monte Carlo run. Dispersion is incorporated20
in the model by introducing micro scale longitudinal (αL) and transverse (αT ) disper-
sivities. The ratio between αL and αT is assumed to be 1/10 (Bear, 1972) and αL is
set to 0.5m. The simulation procedure assumes that the source is continuous and
provides a constant mass rate of 1mg/l/day. The threshold concentration (detection
limit) at which detection occurs is set at 0.5% of the initial source concentration. This25
level represents the EPA public health risk level for drinking water for the most com-
mon contaminant types released to groundwater mainly via leaks from landfills such as
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benzene, carbon tetrachloride and 1,1,2-Tricloroethane. The number of the particles
used throughout the example is 2000. This was determined after sensitivity analyses
showed that plumes did not go undetected due to an insufficient number of particles
and 0.05mg/l of a threshold value corresponds to 40 particles, which is a sufficient
number for determination of concentration in one grid cell (Kinzelbach, 1986). In this5
study monitoring wells are located in the centre of the grid cell and have a dimension
of one grid cell. Contaminants are assumed to be conservative and to be completely
mixed over the depth of the aquifer, which is presumed to be 50m in the example prob-
lem. A monitoring period of 30 years is considered while monitoring is assumed to be
carried out each quarter of a year.10
4. Discussion of results
The decision model MONIDAM evaluated 171 potential monitoring system alternatives
to determine the best monitoring system, which enables the highest detection prob-
ability while minimizing the cost of monitoring and remediation with use of the least
number of monitoring wells under conditions of pertinent uncertainties. The analysis15
results of the three principal steps of MONIDAM, namely Monte Carlo simulation, eco-
nomical analysis of the objective function for monitoring systems, the selection of the
optimal monitoring system, plus sensitivity to model parameters are discussed in the
following subsections.
4.1. Monte Carlo simulation results20
4.1.1. Reliability evaluation
The reliability of a groundwater monitoring system is measured by the probability of de-
tection Pd . Figure 3 presents the reliability of monitoring systems at different distances
from the contaminant source. Each data point represents one monitoring system eval-
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uated. The reliability of monitoring systems increases with distance from the contami-
nant source. Since plumes begin with a small size and spread out as they migrate away
from the source, detection of a plume is difficult at close distances and becomes easier
as the plume expands with time and distance from the contaminant source. Hence
there is a greater chance of detecting plumes for the systems composed of few wells,5
when they are placed away from the source (i.e., nws>0.25 and ndfs<0.5). Moreover,
for a given ndfs, the probability of detection increases when nws decreases. However
the reliability of the monitoring system is 100% regardless of the ndfs for the systems
with nws less than 0.08. Additional wells would not be cost effective for improving sys-
tem reliability in such cases. The analysis also showed that for a monitoring system10
with nws greater than 0.08 there is a ndfs at which 100% reliability is achieved. For
instance for a monitoring system with nws equal to 0.10 this point occurs at ndfs equal
to 0.30. However, for the site dimensions and distance from the source analyzed the
common practice of 3-well monitoring system does never reach 100% reliability.
4.1.2. Area of the contaminant plume15
When a given monitoring system detects a contaminant plume, an associated contami-
nated area Ad is obtained. When the monitoring system fails to detect the contaminant
plume, the contaminated area Af at the end of the monitoring period (in this case 30
years) is estimated. However, the plume size, either detected or not, varies from one
realization to another due to the variability in the source location and hydrogeologic20
characteristics. Therefore rather than producing a single plume size a range of plume
sizes is determined for each monitoring system. Using the individual plume areas as-
sociated either with detection or no detection cumulative distributions of contaminated
areas are determined for each monitoring system. In other words, the area of the
contaminant plume is treated as a random variable and modelled using a mean value25
E (Ad ) or E (Af )and standard deviation σ(Ad ) or σ(Af ) determined from the Monte Carlo
simulations. The expected area of the contaminant plume may generally indicate the
extent of contamination The contaminated area values estimated during the ground-
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water transport simulation were normalized by dividing the actual areas (as measured
in square meters) by 10 000m2 simply to render all (normalized) areas less than one.
This is just a matter of convenience in presenting the plots.
Figure 4 shows a plot of the expected area of contamination given detection E (Ad )
as a function of ndfs for different nws values. For a given nws value, E (Ad ) increases5
significantly as the distance from the contaminant source increases. Hence, to mini-
mize the contaminated area, the most effective system is the one located very close
to contaminant source. On the other hand, E (Ad ) does not increase appreciably and
stays more or less constant as the nws increase, since nws is not a parameter that has
effect on spreading and consequently the size of the plume but ndfs is a parameter10
that has influence on the contaminated area in terms of the distance where the plume
is detected. Given that Af is defined as the contaminated area estimated at the end
of the monitoring period (in this case 30 years) neither ndfs nor nws has influence on
the plume size that is not detected by the given monitoring system. Hence E (Af ) re-
mains almost constant with respect to well spacing and distance from the contaminant15
source.
The distance between the monitoring systems and the contaminant source has in-
fluence on the variability of E (Ad ). Figure 5 shows the coefficient of variation of ex-
pected contaminated area given detection CVA(d )=E (Ad )/σ(Ad ) as a function of ndfs
for monitoring systems with different nws values. For the systems close to the con-20
taminant source CVA(d ) is very high mainly because σ(Ad )is small at the start. As ndfs
increases, the variability in Ad decreases since the detected plumes reaches station-
arity as it moves further away from the source. The effect of leak location is not as
significant relative to systems placed close to the contaminant source, since at far dis-
tances the plume size is so large that detection is basically unaffected by the initial leak25
location. This trend is the same for systems composed of any number of wells, with
CVA(d ) levelling off at large distances from the contaminant source.
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4.2. Economic analysis results
The economic analysis of the monitoring system alternatives has been performed con-
sidering a unit installation and sampling cost of $20 000 per well and a unit remediation
cost of 5$/m3 (unit cost estimates are based on James and Gorelick, 1994). Figure 6
presents cost values as a function of ndfs for a single row system with a nws of 0.33.5
The curves characterized by PdE (C|d) and PfE (C|f ) represent the associated costs
given detection by the monitoring system and cost associated with the failure of the
monitoring system, respectively (cf. Eq. 9) The associated cost given detection by the
monitoring system increases with distance due to the increase in Ad as the plume
moves away from the contaminant source. On the other hand cost associated with the10
failure of the monitoring system shows a decreasing trend, due to the fact that Af stays
almost constant. The line characterized with C represents the cost of construction and
operation of monitoring system. Since only a 3 well monitoring system is considered in
this plot, C is constant. Ultimately, the curve symbolized by Z represents the expected
total cost for the 3 well monitoring system as a function of ndfs and is simply the sum15
of the three previous curves. It shows that there is a point where the cost is minimized.
In other words, there is a tradeoff between the objectives as a function of ndfs.
4.3. Selection of the optimal monitoring system
Figure 7 presents the expected total cost, Z as a function of ndfs for all single row
systems considered in this study. The trough shaped curves for systems with nws20
between 0.33 and 0.12 indicate a tradeoff between the contaminated area, detection
probability, and cost of the monitoring system. Thus, for systems with nws=0.33, it is
better to locate wells further away from the contaminant source (ndfs=1.4) where a
large enough detection probability exists and the contaminated area is somewhat lim-
ited .The optimal location, which maximizes the detection probability while minimizing25
the contaminated area, is at an intermediate distance for the monitoring systems with
nws between 0.25 and 0.12. As also seen from Fig. 8, the monitoring systems with
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nws less than 0.12 that are located very close to the contaminant source (ndfs<0.3)
lead to the lowest expected total cost. This is actually because a high detection prob-
ability is reached very close to the contaminant source with use of a multitude of wells
for monitoring.
Figure 9 shows the minimum expected total cost, Zmin as a function of nws. For large5
nws values, the minimum expected cost is large, but as the number of monitoring wells
increases the expected minimum cost first reaches a minimum, and then increases.
This shows that the additional monitoring wells are not cost effective when nws<0.08
since they do not contribute to increase the reliability (which is already 100%), and do
not reduce the expected area of contamination.10
4.4. Sensitivity to model parameters
The objective function values and optimal locations determined by MONIDAM are func-
tions of the parameters used in flow and random walk particle tracking model. The
results of numerical experiments performed are particularly sensitive to those param-
eters that have greatest influence on the size and shape of the contaminant plumes.15
Dispersivity, subsurface heterogeneity, contaminant source size, threshold concentra-
tion, sampling frequency, unit installation and sampling cost unit cost and unit remedia-
tion cost are generally considered to be the most significant parameters. The influence
of these parameters on the detection probability of monitoring systems was previously
studied in Yenigul et al. (2005), but for the case of an instantaneous leak. Based on20
the results of the previous study and the characteristics of the example problem pre-
sented here, not only the sensitivity analysis for unit cost and sampling frequency are
performed but also the influences of dispersivity and the subsurface heterogeneity on
the results are discussed once more in the following sections.
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4.4.1. Sensitivity to dispersivity of medium
Dispersivity of the medium is the parameter controlling the spreading of the plume. The
longitudinal dispersivity controls the elongation of the plume with time and distance
from the contaminant source in the direction of flow, whereas transverse dispersivity
dominates the spreading of the plume (width of the plume) in the direction perpendic-5
ular to the flow direction. In order to examine the influence of dispersivity αL is set to
values between 0.1m and 1.2m. As mentioned earlier, the ratio of αL to αT is taken
constant at a value of 10. For single row systems, the main consideration in terms of
the well spacing is the plume width hence evaluation of Pd and E (Ad ) as a function
of αT is presented in Figs. 10 and 11, respectively. As the dispersivity of the medium10
increases the detection probability of a given monitoring system increases since dis-
persivity is the parameter that controls the spreading of the plume (see e.g., Meyer et
al., 1994; Storck et al., 1997; Yenigul et al., 2005). The higher the dispersivity of the
medium the wider the plume gets as it moves further away from the source. Therefore,
likewise E (Ad ) increases significantly as the dispersivity of medium increases since the15
plume becomes wider as it moves away from the source. The results are representa-
tive for other monitoring systems evaluated in this study. Furthermore the influence of
threshold concentration (detection limit) and initial source size will be similar to the ef-
fect of dispersivity on both Pd and E (Ad ) as both parameters are directly in relation with
the width of the plume. The effective width of the plume increases when the threshold20
concentration (detection limit) is reduced. Likewise the larger the initial leak size is, the
wider the plume will be. Consequently Pd and E (Ad ) will increase in both cases (see
Yenigul et al., 2005). Eventually the increased Pd and E (Ad ) values will amplify the
expected total cost for a given monitoring system.
4.4.2. Sensitivity to subsurface heterogeneity25
Subsurface heterogeneity, represented here by the spatial variability of the hydraulic
conductivity, is one of the important factors controlling the migration of contaminants in
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porous media. The variance σ2Y of Y is the parameter that characterizes the degree of
heterogeneity of the subsurface. A high variance will produce a highly heterogeneous
field with hydraulic conductivity values spanning a wide range, while a low variance will
produce a more homogeneous-like field. To investigate the influence of heterogeneity
σ2Y is set to 0, 0.4, 0.6, 1.0 and 1.2. Figures 12 and 13 show Pd and E (Ad ) as a func-5
tion of σ2Y , respectively. Pd of the monitoring system decreases as σ
2
Y increases. This
is due to the fact that the contaminant plumes are more likely to become irregularly
shaped in heterogeneous media and may go undetected easier due to variability in
the flow field, while in a homogeneous medium the plumes have much more uniform
shapes and tend to travel in a direction parallel to the average gradient. The maximum10
difference in detection probability over the range of σ2Y considered is about 20%. Fig-
ure 13 shows that E (Ad ) tends to increase as σ
2
Y increases. The difference between
the homogenous and the heterogeneous case is more pronounceable when the mon-
itoring systems are located further away from the contaminant source, because when
the plumes are detected close to the source the plumes do not encounter much of15
the heterogeneous structure of the hydraulic conductivity as they have less chance to
move a distance larger than a few correlation lengths. The results are representative
for other monitoring systems evaluated in this study. After all, one may simply foresee
that the more heterogeneous the medium is the higher the expected total cost of the
given monitoring system will be.20
4.4.3. Sensitivity to unit costs
For the assumed unit installation and sampling cost of $20 000 per well and a unit reme-
diation cost of 5$/m3, the single row monitoring system with nws=0.08 gives the mini-
mum expected total cost, and optimal location for such a system occurs at ndfsopt=0.1
(see Figs. 8 and 9). Table 2 presents the sensitivity of the optimal well spacing and25
optimal location with respect to changes in the assumed unit installation and sampling
cost plus unit remediation cost. The bold phase figures in the table indicate the optimal
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well spacing and optimal location for the initial assumption of unit cost values.
When unit installation and sampling cost is quite high (i.e. 50 000 $/well) for a unit
remediation cost of 5 $/m3 the optimal well spacing shifts to 0.12. Fewer monitoring
wells should be used to limit the expected total cost and the optimal location of the
monitoring system is further from the source, which means that the objective of mini-5
mizing the contaminated area can be rather loose (moving to the right of the bold phase
figures). On the other hand for lower values of unit installation and sampling cost than
assumed neither the optimal nws nor the ndfsopt do change. However, for very cheap
remediation cost (e.g., 1 $/m3) the optimal nws increases as the unit installation and
sampling cost increases up to 30 000 $/well and remains the same for 40 000 $/well10
and 50 000 $/well. Likewise the monitoring wells can be located further away from the
contaminant source.
If contamination can be cleaned up easier than assumed in other words if the unit
remediation cost is less than the assumed value (i.e., 1 $/m3 and 2 $/m3) the nws
shifts to 0.12 and 0.16, respectively, while the ndfsopt values correspond to 0.4 and15
0.6. The increase in nws can be explained as follows. Cheap remediation allows larger
plumes, which allows later detection, which leads to less wells. At the same time if the
remediation of the contaminated area is much difficult than assumed due to the nature
and concentration of the contaminants (moving down from the bold face figures in the
table) the optimal nws remains 0.08 and ndfsopt is kept at 0.1. This means that limiting20
the extent of contamination to control the costs associated with remediation is still very
important.
4.4.4. Sensitivity to sampling frequency
Current monitoring program suggested by regulatory agencies (i.e. USEPA, 1986 and
ECC, 1999) requires the monitoring of groundwater quarterly, biannually or annually25
depending on the type of waste, size and design of landfill and aquifer material for 30
years of post closure monitoring duration. In most cases a quarterly monitoring is un-
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dertaken; annual monitoring is undertaken mostly for small landfills located in remote
places far away from any groundwater use. As mentioned above in this study the most
common sampling frequency, namely a quarterly monitoring is considered. However,
to determine the influence of sampling frequencies numerical experiments were also
carried out for biannually, annually, monthly and three times a year sampling. Since5
the leak is assumed to be continuous, sampling frequency will not affect the detection
probability of a monitoring system. Because a contaminant plume will sooner or later
be detected as long as the single row monitoring system is located such that it co-
incides with the travel path of the contaminant plume. However one may expect that
the main concern, with regard to sampling frequency, is early detection, in other words10
the extent of the contaminated area. The later the contaminant plume is detected by
a given monitoring system the larger the expected contaminated area required to be
remediated. The results of the analysis confirmed these arguments. The Pd of all mon-
itoring systems remain the same regardless of sampling frequency, while the E (Ad )
increases as the sampling frequency decreases (see Fig. 14). Since the increase is15
not so prominent in the current example, the expected total costs will be close to each
other for all sampling frequencies considered here. However, the difference in the ex-
pected total cost of monitoring systems with different sampling frequencies will be more
significant when the remediation cost is much cheaper compared to monitoring costs
(similar to the effect presented in Table 2).20
5. Conclusions
A multi-objective decision analysis model, MONIDAM is used to determine the optimal
groundwater monitoring system, which maximizes the detection probability while mini-
mizing the contaminated area and, the total cost of the monitoring system under condi-
tions of uncertainties due to subsurface heterogeneity and leak locations. The results25
of the extensive numerical experiments show that the reliability of monitoring systems
increases with distance from the contaminant source. Since plumes begin with a small
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size and spread out as they migrate away from the source, systems composed of few
wells are more likely to detect the contaminant plumes when they are placed away
from the contaminant source. For a given distance away from the contaminant source
the probability of detection increases as the number of the monitoring wells increase
but once 100% of reliability is achieved by a given monitoring system additional wells5
would not be cost effective for improving the system reliability. The widely used 3 well
monitoring system (minimum regulatory requirement) does not reach 100% reliability
for any of the cases investigated in the presented study.
The contaminated area given detection increases as the distance from the source
increases. However the number of the wells used in a monitoring system has no influ-10
ence on the size of the contaminated area, while the location of the monitoring system
is crucial for minimizing the contaminated area. The nearer the monitoring systems to
the contaminant source, the smaller the contaminated area will be.
The analysis furthermore demonstrated that the detection probability and the con-
taminated area increase as the dispersivity of the medium increases since it is the15
parameter controlling the spreading of the plume. It could give preference to those
systems located further away from the contaminant source, as the detection probability
is higher at further distances than in a medium with low dispersivity. Also subsurface
heterogeneity is an important parameter, that has influence on detection probability
and on the extent of the contaminated area. The detection probability decreases while20
the contaminated area increases with increasing heterogeneity. This is due to the fact
that the contaminant plumes are more likely to become irregularly shaped in hetero-
geneous media, and they may go undetected easier due to variability in the flow field,
while in homogeneous medium the plumes have much more uniform shapes and tend
to travel in a direction parallel to average gradient.25
The results also showed that the optimal location of the monitoring systems would be
very close to the contaminant source (ndfsopt=0.1). A large number of wells should be
considered (i.e., 12 wells) for optimal monitoring systems except for the cases where
the unit installation and monitoring cost are very high and/or the unit remediation cost
49
HESSD
3, 27–68, 2006
MONIDAM for optimal
groundwater
monitoring system
design
N. B. Yenigu¨l et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Print Version
Interactive Discussion
EGU
is very cheap. Furthermore, the widely used 3 well monitoring system (minimum regu-
latory requirement) is not a good solution for any of the cases presented above. Lastly,
sampling frequency has an effect on the extent of contaminated area as well. As the
sampling frequency increases the contaminated area decreases. However, the reflec-
tion of this effect on the expected total cost is prominent again if the installation and5
monitoring cost are very high and/or the remediation cost is very cheap.
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Table 1. Spacing, ∆s, normalized well spacing, nws for different number of monitoring wells in
monitoring systems with different x-coordinates, distance from the contaminant source, d , and
normalized distance from the source, ndfs (L=100m).
Number of Spacing, nws=∆s/L
the wells ∆s (m)
3 33.33 0.33
4 25 0.25
5 20 0.2
6 16.66 0.16
8 12.5 0.12
10 10 0.1
12 8.33 0.08
16 6.25 0.06
20 5 0.05
x-coordinate Distance from the source, ndfs=d/L
of the system d (m)
160 10 0.1
170 20 0.2
180 30 0.3
190 40 0.4
– – –
– – –
– – –
– – –
340 190 1.9
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Table 2. Optimal well spacing and optimal location as function of unit remediation cost and unit
installation and sampling cost.
Unit installation and sampling cost ($/well)
Unit remediation
cost ($/m3) 5000 10 000 20 000 30 000 40000 50 000
nws ndfsopt nws ndfsopt nws ndfsopt nws ndfsopt nws ndfsopt nws ndfsopt
1 0.08 0.1 0.12 0.4 0.16 0.6 0.20 0.7 0.20 0.7 0.20 0.7
2 0.08 0.1 0.08 0.1 0.12 0.4 0.12 0.4 0.16 0.6 0.16 0.6
3 0.08 0.1 0.08 0.1 0.08 0.1 0.12 0.4 0.12 0.4 0.12 0.4
4 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.12 0.4 0.12 0.4
5 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.12 0.4
6 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.10 0.3
7 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1
8 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1
9 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1
10 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1 0.08 0.1
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Fig. 1. Flow chart illustrating the structure of the decision model MONIDAM.
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Fig. 4. Normalized expected contaminated area given detection E (Ad ) as a function of normal-
ized distance from the source ndfs for single row monitoring systems with different normalized
well spacing nws.
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Fig. 5. Coefficient of variation of expected contaminated area given detection CVA(d ) as a
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different normalized well spacing nws.
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Fig. 10. Detection probability Pd as a function of transverse dispersivity αT , for selected single
row monitoring systems.
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Fig. 11. Normalized expected contaminated area given detection E (Ad ) as a function of trans-
verse dispersivity αT , for selected single row monitoring systems.
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Fig. 13. Normalized expected contaminated area given detection, E(Ad ) as a function of vari-
ance σ2Y of lnK for selected single row monitoring systems.
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Fig. 14. Normalized expected contaminated area given detection E (Ad ) as a function of normal-
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for different sampling frequencies.
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